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INTRODUCTION
Animal slaughterhouses generate large volumes of wastewater rich in organic contaminants and nutrients [1] [2] [3] , and are therefore strong candidates for treatment processes aimed at recovery of both energy and nutrient resources. The current default treatment methods for removing organic contaminants, indicated by chemical oxygen demand (COD) from slaughterhouse wastewater vary widely. Anaerobic lagoons are commonly used in tropical and equatorial temperate zones and engineered reactor systems (including activated sludge and UASB reactors) are commonly used in polar equatorial temperate zones. Anaerobic lagoons are effective at removing organic material [4] ; however lagoon based processes also have major disadvantages including large footprints, poor gas capture, poor odor control, limited ability to capture nutrients and expensive de-sludging operations. Daily biogas production from anaerobic lagoons may vary by an order of magnitude depending on temperature or plant operational factors [4] . While the organic solids in slaughterhouse wastewater is highly degradable [3, 5] reducing sludge accumulation and expensive desludging events, there are increased risks of scum formation [4] which can reduce methane recovery and damage lagoon covers. Therefore, even in warmer climates, there is an emerging and strong case for reactor based technologies.
High-rate anaerobic treatment (HRAT) is an effective method, with space-loading rates up to 100x that of lagoons, and the ability to manipulate input temperature. The most common is upflow anaerobic sludge blanket (UASB) but UASB and other granule based high-rate anaerobic treatment systems are highly sensitive to fats [6] , and moderately sensitive to other organic solids [7] , hence require considerable pretreatment (including dissolved air flotation) [8] , and still operate relatively poorly, with COD removals on the order of 60%. In the last 5 years, a number of fat and solid tolerant processes have emerged, including the anaerobic baffled reactor [9] , the anaerobic sequencing batch reactor [10] , anaerobic membrane bioreactors (AnMBR) [11, 12] and the Anaerobic Flotation Reactor [13] . The AnMBR combines high rate anaerobic digestion with a membrane biomass retention system that is independent of sludge settleability [14] . AnMBRs in particular are probably the most appropriate HRAT technology suitable for slaughterhouse wastewater, particularly highstrength streams, due to excellent effluent quality, high tolerance to load variations, and ability to produce a solids free effluent for the purposes of final treatment an reuse [15] . However, they have most widely been applied to domestic and soluble industrial wastewaters, with a number of potential risk factors as outlined below.
Slaughterhouse waste risks include high proteins, causing release of ammonia (NH 3 ), and fats, causing release of long chain fatty acids (LCFA), both potential inhibitors of methanogenic activity [16] . Ammonia inhibition is related to its capacity to diffuse into microbial cells and disruption of cellular homeostasis [17] , whereas LCFAs may exert a surface proportional toxicity to anaerobic biomass, similar to toxicity exhibited by surfactants and resulting in cell lysis [18] ; or may suppress the sludge activity by adsorbing on to the anaerobic biomass and limiting transfer of substrate and nutrients across the cell membrane, interfering with membrane functionality [19, 20] . Release of ammonia and/or LCFA is a particular risk at high-strength and in high rate or intensified processes such as AnMBRs where increased OLR and shorter HRT may result in accumulation of substrate and/or inhibitory intermediates within the reactor volume. AnMBRs have been used successfully to treat raw snack food wastewater with high fat, oil and grease (FOG) concentrations (4-6 g.L -1 ) reporting removal efficiencies of 97% in COD and 100% in FOG at a loading rate of 5.1 kg COD.m -3 .d -1 , without any biomass separation problems or toxic effects [21] . This suggests AnMBRs could be applied successfully to treat slaughterhouse wastewater.
The accumulation of particulates in the AnMBR vessel can increase membrane fouling due to cake accumulation [22] . Membrane fouling rate, and the ability to operate at an effective critical flux (the flux below at which the system can be operated without periodic cake dispersal) is the primary factor influencing economic feasibility of membrane processes [23] , with membrane costs in the range of 72% of capital investment [24] . Fouling is potentially more severe in slaughterhouse applications due to the high protein content in the waste and the fouling propensity of mixtures with a high protein to polysaccharide ratio [25, 26] .
While AnMBR systems have been widely applied to low strength, and soluble industrial wastewaters, particularly in the laboratory, risks around higher solids wastewater, which should be a key application, are not well known. The aim of the present study is to evaluate loading rates, retention times, and membrane performance for intensified anaerobic treatment of combined slaughterhouse wastewater through a longer term study, associated to achievable performance through biochemical methane potential (BMP) testing.
MATERIALS AND METHODS

Biomethane Potential Tests
Batch digestions were performed according to Angelidaki et al. [27] in 160 mL non-stirred glass serum vials (100 mL working volume) at 38°C. Inoculum was collected from mesophilic anaerobic digesters operating at 37°C and treating a mixture of primary and waste activated sludge at a domestic WWTP (Queensland, Australia). The average inoculum composition was 28.6 g.L -1 COD, 26.1 g.L -1 TS and 69% VS (as a fraction of TS). Specific methanogenic activity of the inoculum was 0.2 gCOD.gVS -1 .d -1 . The inoculum to substrate ratio (ISR) in the BMP tests was set at 2 (volatile solids basis) according to Jensen et. al [28] .
Bottles were flushed with 100% N 2 gas for 3 min (1 L min -1 ), sealed with a rubber stopper retained with an aluminum crimp seal and stored in temperature-controlled incubators (38±1°C). Tests were mixed by inverting once per day. Blanks containing inoculum without the substrate were used to correct for background methane. Separate positive controls were conducted using α-cellulose, casein or olive oil at 1 g.L -1 resulting in biochemical methane potential (B 0 ) values of 373 L.kg -1 VS, 537 L.kg -1 VS and 1012 L.kg -1 VS respectively (data not presented). All tests were carried out in triplicate, and all error bars indicate 95% confidence in the average of the triplicate based on a two-tailed t-test.
Biogas volume was measured by manometer at the start of each sampling event.
Accumulated volumetric gas production was calculated from the pressure increase in the headspace volume (60 mL) and expressed under standard conditions (25°C, 1 atm).
Ultimate methane potential, and apparent first order kinetic coefficient were estimated through parameter estimation in a simple first order model through Aquasim 2.1d as shown in Eq. (1) and described previously [28] .
(1) Where B t is the cumulative methane production, t is the incubation time, B 0 is the ultimate methane potential and k hyd is the hydrolysis rate coefficient. Parameters were estimated using a gradient search technique with the sum of squared errors as the objective function, and parameter uncertainty calculated from linear estimates in parameter standard error (95% confidence based on a two-tailed t-test).
Design of Anaerobic Membrane Bioreactor Pilot Plant
The AnMBR pilot plant ( Figure 2 During operation, wastewater flux through the membrane was controlled at a specific rate using a peristaltic pump on the permeate stream. Biogas in the AnMBR was continuously circulated across the membrane surface at a fixed flow rate of 35 L.min -1 (2.3 m 3 .m -2 .h -1 ) for fouling control. The AnMBR temperature was measured using an resistance temperature detector (RTD) (model SEM203 P, W&B Instrument Pty.) and controlled at 37°C using a surface heating element. Biogas production volumes and Biogas recirculation rates were monitored using Landis Gyr Model 750 gas meters with a digital pulse output. Pressure transducers were used to monitor liquid level, headspace pressure and transmembrane pressure. Pressure and temperature (4-20 mA transmitter) were logged constantly via a process logic control (PLC) system. A detailed piping and instrument diagram for the AnMBR pilot plant is shown in Figure 2 .
Pilot Plant Operation
The AnMBR pilot plant was operated at two Australian slaughterhouses processing cattle only. At each site the pilot plant was inoculated with digested sludge from a crusted anaerobic lagoon at the host site, the methanogenic activity of the inoculum was measured at both sites at the time of inoculation and was 0.15gCOD.gVS -1 .d -1 for both sites. This activity is within the range expected for anaerobic digesters/lagoons and indicated a healthy inoculum.
At Site A, the AnMBR pilot plant was treating combined red wastewater after primary treatment using dissolved air floatation (DAF), which was only partially effective due to elevated temperatures, this wastewater contained material from cattle slaughter areas and rendering waste, but did not contain paunch or cattle manure. The plant was initially operated at a long hydraulic retention time of 7 days to allow for acclimatization of the anaerobic inoculum. During this initial operation, feed events occurred 2 per week, using a burst feed at relatively high membrane flux. This strategy was used to test if the membrane could operate sustainably at flux rates of 6.25 L.m -2 .h -2 required to achieve the eventual target of operating at a HRT of 1 day. Once the biomass was acclimatized and the performance was stable, the plant switched to a continuous operating mode. At Site B, the AnMBR pilot plant was treating raw combined red wastewater with no primary treatment to remove solids or fats.
This wastewater contained material from cattle slaughter areas and rendering waste, but did not contain paunch or cattle manure. A summary of operating periods and strategies is summarized in Table 1 . During Period 3 on Site B the sludge retention time was 50 days.
During all other operating periods sludge was withdrawn for sample analysis only resulting in an SRT exceeding 1000 days. Detailed analysis of wastewater characteristics at Site A and B are presented in Table 2 and Table 3 respectively. Further details on AnMBR operation and organic loading rates are summarized in Figure S1 .
Chemical Analyses:
Total solids (TS) and volatile solids (VS) were measured according to standard methods procedures 2540G [29] . Chemical oxygen demand (COD) was measured using Merck Biogas quality (CH 4 , CO 2 , H 2 ) was determined using a Gas Chromatography-Thermal Conductivity Detection (GC-TCD). The system was a Perkin Elmer auto system GC-TCD with a 2.44 m stainless steel column packed with Haysep (80/100 mesh). The GC was fitted with a GC Plus Data station, Model 1022 (Perkin Elmer, Waltham, MA, USA). High purity nitrogen (99.99%) was used as carrier gas at a flow rate of 24.3 mL/min and a pressure of 220 kPa. The injection port, oven and detector were operated at 75°C, 40°C and 100ºC, respectively. The GC was calibrated using external gas standards from British Oxygen Company (Sydney, Australia).
Membrane Critical Flux
Filtration or flux-step experiments were conducted in accordance with the protocol described by Le Clech et al [30] . Flux was incrementally increased in steps of 2 L.m -2 .h -2 , and time intervals of 15 minutes. As flux step is increased, the resulting transmembrane pressure (TMP) is recorded. Fouling rate, dP/dt, is taken as the gradient of the line at each flux step and is plot against its flux value. The behavior of the dP/dt vs. flux curve can be used to comment on the fouling propensity of the substrate tested, with higher rate of increase in dP/dt (fouling rate) indicating greater fouling propensity. The flux at which dP/dt exceeds 0.01 kPa/min is taken as the critical flux [30] .
RESULTS AND DISCUSSION
Biomethane potential of slaughterhouse wastewater
Biomethane potential tests ( Figure 3 previously been reported in the range of 1-1.5 g.L -1 [5] , this is similar to the initial FOG concentrations in the slaughterhouse wastewater in this study and suggests that the minor inhibition was the result of LCFA accumulation. In this case the inhibition appeared to be minor, and relatively quickly overcome and was likely more related to acclimatization or biostatic inhibition than to the loss of metabolic function or cell death [33] .
AnMBR Process Performance
Reactor performance was assessed by comparing COD added to the process as feed, with COD removed as biogas and COD removed in the treated permeate, the results from Site A are shown in Figure 4 (top). At Site A, the COD removal efficiency and methane yields were not impacted by HRT or OLR. COD removal from the wastewater was over 95%. i.e less than 5% of COD from the wastewater feed remained in the treated permeate while over 95% of COD was converted to biogas. The biogas composition was typically 70% methane (CH 4 ) and 30% carbon dioxide (CO 2 ); during full and steady operation methane production (expressed at 25°C and 1 atm) was approximately 760 L.kg -1 VS added, corresponding to 365 L.kg -1 COD added (96% of COD added). The quality of permeate effluent is shown in Figure   4 (bottom), generally the effluent quality was very good with COD concentrations less than 100 mg.L -1 and total VFA concentrations less than 50 mg.L -1 . In particular, the process completely removed oil and grease. The combination of biogas production and low VFA concentrations in the digester effluent were a good indication of a healthy and stable process.
Performance at Site B is shown in Figure 5 and was more variable. COD removal efficiency at Site B was still greater than 95%. i.e less than 5% of COD from the wastewater feed 4 . This is potentially recoverable as struvite given the concentrations are well above limit values for precipitation [34] .
The cumulative COD balance for the AnMBR pilot plant is shown in Figure S2 . At Site A, there was initially some accumulation of COD within the AnMBR, likely due to some anaerobic sludge production. However, COD balance converged over time, demonstrating there was virtually no accumulation of COD within the process. This very high COD-tobiogas conversion would suggest that the AnMBR could operate with a near infinite sludge age, however the concentration of N (90%) and P (74%) in the AnMBR permeate was lower than the concentrations in the feed, this demonstrates that nutrients were accumulating in the AnMBR and it is therefore likely that non-degradable or inert solids were also accumulating. The OLRs of the AnMBR achieved in the present study were significantly higher than OLRs achieved for anaerobic lagoons treating municipal sewage [36] [37] [38] , slaughterhouse effluent [4] , or other agri-industrial wastes, and on the order of that achieved by UASB reactors [39, 40] . UASBs operate by retaining solids in the process volume, the AnMBR is not dependent on sludge settleability and therefore the COD removal and effluent quality were also substantially higher in the AnMBR compared to lagoon processes and UASBs. Importantly, the COD removal efficiency from the AnMBR process were not impacted by HRT or OLR within the identified limits, this demonstrates that AnMBRs may be tolerant to variations in flow with minimal risk of sludge washout or impacts on effluent quality. Methane yields from the AnMBRs were consistent during the operating period demonstrating stable performance, due to temperature regulation. Again, this trend is not observed in lagoon based processes where process performance is impacted by environmental conditions and daily biogas production can vary by an order of magnitude depending on temperature or plant operational factors [4] , and where temperature management is not possible.
In this study, an AnMBR was operated successfully at HRTs as low as 2 days, an order of magnitude lower than the HRTs expected for a conventional CSTR style digester (20 days, based on hydrolysis rate constant of 0.35 day -1 ), the reduction in HRT required for treatment would significantly reduce both the footprint and capital cost of the treatment process.
Membrane Performance and Fouling
Transmembrane pressure (TMP), logged using a PLC is shown in Figure 6 . The TMP is an indication of membrane fouling; with fouling rates calculated from an increase in TMP over time and used to schedule corrective maintenance such as shut down/cleaning events. Figure   6 demonstrates no observable increase in TMP over time, indicating that membrane fouling is sustainable and below critical flux. Gas sparging provides surface shear and therefore controls particle deposition [22] . At Site A, there were two notable exceptions with fouling events on Day 30 and Day 170, these fouling events were represented by a rapid increase in TMP ( Figure 6 ) and coincided with failure of the biogas recirculation pump and in both occurrences, the gas sparging rate reduced from 35 L.min -1 to approximately 10 L.min -1 . At Site B, there was a major fouling event around Day 100, corresponding with an increase in the sludge concentrations in the reactor from 30 g.L -1 to 40 g.L -1 , under these conditions the gas sparging (35 L.min -1 ) was no longer sufficient for fouling control and rapid fouling resulted in a complete disruption of permeate flow. The sludge inventory was reduced to 20 g.L -1 , and gas sparging was again effective for fouling control. The results demonstrate that gas sparging is critical for fouling control, but loses effectiveness at higher solids concentrations.
A critical flux test was conducted after 200 days of AnMBR operation. Figure 7 shows the evolution of TMP at flux steps between 0 to 11 L.m -2 .h -2 , incremented every 15 minutes. The results show that the fouling rate (dP/dt) was less 0.01 kPa.min -1 at flux as high as 9 L.m -2 .h -2 , however this methodology is based on short-term testing and may not be a reliable but had higher organic loading rates (6 to 16 gCODL -1 .d -1 ). Similar membrane flux from AnMBRs treating slaughterhouse waste and from AnMBRs treating municipal wastewaters [42] suggest that membrane fouling is not more severe in slaughterhouse applications and is therefore not a strong or unique barrier against application of AnMBRs to slaughterhouse wastes. However, critical flux and management of membrane fouling remain key factors influencing economic feasibility of membrane processes [23] , with membrane costs in the range of 72% of capital investment [24] . Therefore, optimization and control of membrane fouling will be a core area for ongoing research and development.
CONCLUSIONS
This study has successfully demonstrated that Anaerobic Membrane Bioreactors (AnMBRs)
are an effective technology for high rate treatment of cattle slaughterhouse wastewater. This is based on a stable OLR of 3-3.5 gCOD.L -1 d -1 at a HRT of 2 days, with the operating limit being defined by in-reactor active biomass inventory. An upper limit on the inventory is imposed by the inability to manage fouling at very high solids concentrations (>20 g L -1 ).
The pilot plants consistently removed over 95% of COD from the wastewater. Methane yields were closely related to waste biodegradability established from reference batch tests;
78-90% of nitrogen and 74% of phosphorus in the wastewater were released to permeate respectively enabling subsequent capture of nutrient resources, again nitrogen release was linked to waste biodegradability. The sustainable permeate flux in this study was consistent with values previously reported for AnMBRs treating municipal and industrial wastewaters and demonstrates that membrane fouling with high-solids, high fats wastewater is not a substantial barrier to application of AnMBRs to slaughterhouse wastes. 
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